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ANL-CANDID, 

A Two-dimensional, Diffusion-theory Code 
Based on CANDID2D 

by 

G. K. Leaf, A. S. Kennedy, 
and G.C. Jensen 

ABSTRACT 

ANL-CANDID is an extension and modification of the 
two-dimensional diffusion-theory code CANDID2D developed 
by Computer Applications Incorporated1 for use on the Con- 
trol Data Corporation 3600 computer. The code, as delivered, 
was capable of performing a reactivity calculation as well 
as geometry, composition, and buckling searches. These cal- 
culations were limited to rz geometry. In addition, the code 
could perform an up-scattering calculation. The present 
code is the result of extending and modifying the C.A.I, code. 
The extensions include the capability of performing calcu- 
lations in xy and r© geometry, including the full periodic 
case. Adjoint and source calculations were added with an 
acceleration procedure for the source calculation. In addi- 
tion, an a calculation was added. The use of two-term 
Chebyshev extrapolation was retained; however, the strategy 
for employing it was changed. In addition, the strategy em- 
ployed in the search procedure was completely changed. 
Mesh refinement and restart capability have been provided. 

I.    FINITE-DIFFERENCE EQUATIONS 

A.    Derivation of Equations for vQ Geometry 

We shall begin our discussion by deriving the finite-difference 
equations for r0 geometry.    The derivation is based on the usual first- 
order approximation and is consistent with the derivation for rz geometry. 
In the absence of external sources, the system of multigroup diffusion 
equations can be written in the form 

-div(DgV0g) + (a| + DgB2) <f>g  =     £    °g'g0gr 

g'/g 

+ i    Z   Xg,g(Wf)g- 0g',       g  =   1, 2, ..., G, 
g'=1 



with external boundary conditions having the form 

WH + Vg = cg' (1'2) 

where B denotes the transverse buckling, and n is the unit normal for the 
exterior surface of the reactor.    The reactor configuration is assumed to 
be composed of regions such that the macroscopic cross sections are con- 
stant within each region. 

The object of the continuous problem described above is to find the 

unique positive flux {0g}  _   and the corresponding positive number k for 

which the system 1.1 has a solution subject to the conditions  1.2.   In 
practice, we replace the continuous system by a finite-difference approxi- 
mation and solve the resulting system.    To this end, let the reactor domain 
be defined by RL S R < RR, 0B < 8 < 8T.   In addition, we lay down a mesh 
RL =  R0< Rj <... <Ri  =  RR, and 0ß   = 00<  Oj < ...< 6j  =  GT.   Here we 
include the possibility of 6B   =   0, 9T   =   27T, which is the full periodic case. 
The mesh is assumed to be laid down in such a manner that region bound- 
aries occur only along mesh lines.    Consider an interior cell centered at 
(ri( 0j), as shown in Fig.   1.    Integrate each member of the system 1.1 over 
this cell, apply Green's Theorem to the divergence term, and make the 
approximation 

A   rRi 
/ / 0K(r,0) rdrdS   =  0g(ri50j) Vij   = 0ijgVij, (1.3) 

where 

Vi:j   =  (Aöj/ZXR^-Rjj 

is the volume of the cell and 

A0j  = 9j - ej.x- 

Having done this, we obtain the system 

-fDBj^6Ü + (°l + Dgß2) ViJ*'J«  =    £    °g'gVU*iJg 

G 
+ 1     y     Xg'8(VOr)     ,   0.-     ,.      (1.4) 

k   ^   A       V     f/g'     ijg'      V       ' 
g-=l 



The surface integral extends over the four surfaces of the (i,j)th  cell. 
Along the surfaces extending from points  1 to 2 and 3 to 4 in Fig.  1, we 
have b(])/bn  =  b<p/br.   Region boundaries may lie along any of these sur- 
faces,  so that ordinary interpolation will not suffice for even a first-order 
approximation.   However, if we impose the conditions that the flux and 
current are continuous across the region boundaries and if we neglect 
the dependence of d$/dr on 0, we can approximate two of the surface 
integrals as follows:3 

b. 

/    ^   K^l (0E  " 0O) RiA9J' 
D-^dft  = f^J     (0W -0o)Ri_1A0j. 

i. W 

(1.5) 

Here we have dropped the group index, and we are using the subscripts o, 
E, and W for the subscripts (i,j), (i+l,j) and (i-l,j), respectively.    The 
linkage coefficients are defined by 

(£\ 2nJ lARi      iARi+i 
D E 

I* - + 
D 

W 
W Dn 

y (1.6) 

where D0, DE, and Dw denote the values of the diffusion lengths in the 
respective cells. 

"i-i      S 

J-i 

For the remaining two sur- 
faces,  b(p/bn   =   (l/r)(00/^0),   and 
an approximation is sought for this 
tangential derivative along the two 
surfaces.    Consider the surface 
extending from points 2 to 3, as 
shown in Fig. 2.    To approximate 
the tangential derivative at the 
region boundary, we first approxi- 
mate the derivative of 0 in the 
direction of the chord joining the 
points 0 and N.    This is done just 
as before, where now 

Fig. 1    Interior Cell, Centered at (r^öj) \D/N 

"N 
D N Dn 

(1.7) 
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This   approximation  (D/i)N (0N - 0O), is then projected in the direction of 
the tangential derivative and the resulting component, 

(!) 
D\ A0j+i - Aej 
T       (*N-*o)cos   

N 

is taken as the approximation to the tangential derivative.    Thus, 

A9;,,   -  AS; 
(0N - 0O) ARi cos —^ 1. (1.8) 

If we set 6-Q   =   60 + i^, then 

^=(4)K- —-^-^ 

AS- + A0.+1 

6u   =   (R£ + R^) sin       J J      , (1.9) 

and 

^N  = '   1+%'          °   ~ 

6U 
1+V 

where 

^U 

_   «inlAe.+i 

sin iA04 

(1.10) 

The surface integral over the surface from 3 to 4 is handled in an analogous 
manner.   Having finished the case of interior mesh cells, we must now con- 
sider the case when one or more of the surfaces of the cell are part of the 
exterior boundary when a boundary condition of the form A 00/an + B0   =  C 
is imposed.    If, for example, the surface from 1 to 2 is an exterior surface, 
we obtain in the usual fashion 

/ 

art, D„(C - B0n) 

l on A +1 AR.B     x      J 

with an analogous expression for the integral from 3 to 4.    If, for example, 
the surface from 2 to 3 is a part of the exterior surface, then AO-^   =  0; 
therefore, UN  =   0>  <%   =  60, and 00^   =   0.    Thus, 

I D^dn= ÄTö^  COS-A0J, (1.12) 
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where 

60  =   (Ri + Ri.i) sin lA0j. 

Note that if an inhomogeneous boundary condition (C f 0) is present, then a 
source term is present and the relevant calculation is a source calculation. 

Fig. 2 

Detail of Interface between Two Interior Cells 

Having approximated the four surface integrals for the case of both 
interior and boundary points, we can make the following definitions for an 
interior cell: 

aij = (j)E 
RiA03' 

AS.,,  -  A9 

:ij  - ai-x,j' 

and 

(1.13) 

dij  = bi,j-i- 

At the boundary cells, we make the following definitions: 

DBRj A 6. 

1'3       A+iAR:B 
1 £  j  s J; 

DBAR. , 
j-T   =  r—  cos TA0T,        1  £ i ^   I; iJ       A + 6n B 2      J' 

-i.J 

DBR0A6j 

A + \ ARjB ' 
1  =£  j <  J; 

and 
DBAR, i 

di.i=ÄTl^cosTA0"    lsisL 

(1.14) 
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In the full periodic case, 0O   =   0 and 9j   =   27T;  i.e., the top and 
bottom boundaries coincide.    Thus, in this case we have 

dii - biP        1 * i * I- 
(1.15) 

Here we have dropped the group and region index on the quantities D, A, 

and B.    Finally, if we set 

'ijg 
=  aijg+biJg + eiJg+diJg+(4 + DgB2)ViJ' 

the finite-difference system 1.4 takes the form 

-(aijg$i+i,j,g +bijg0i,j+i,g + cijg0i-iJ>g + dijg*i,j-i>g) 

gYg g'=1 
(1.16) 

Here, since we have assumed that C = 0, the calculation is a reactivity 
calculation rather than a source calculation. The case of a source cal- 
culation will be discussed in Section IV. 

B.    Finite-difference Equations XY Geometry 

For completeness, we shall exhibit the expressions for the finite' 
difference coefficients for XY geometry.    Let the reactor domain be 
defined by 

XL-X-XR'  YB^y^YT. 

Again we construct a mesh 

XL  =  X0< X,< ...< Xj  =  XR, YB   =   Y0< Yj< ...  <Yj   =  YT 

in such a way that region boundaries lie along mesh lines.    Letting 

AX. 

we set 

*i - X.., and AYj   =   Yj - Y^, 

, 2DiJKDi+i.J.gAYJ 
lJ8  "  AXiDi+1>jjg + AXi+1Dijj)g' 

b. 
2DiJgDi,i+i,gAXi 

ijg  -   AY.Difj+1,g + Ayj+1Dijg,   ' 

Cijg   =  ai-iJ.g' and dijg  = bi>J-i,g_ 

>- (1.17) 
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at interior mesh cells.   At the boundaries, we set 

and 

lljg 

>iJg 

Ug 

DIJgBIJgAYJ 
Aljg+fAX^ 

DiJgBiJgAXi 

AiJg +| AYjBijg 

DiJgBiJgAYj 
AMg+|AXlB 

ijg 

d- 
ng 

DiigBiigAXi 

Aiig + i AY^Bi ig 

l^ j ^J; 

1 < i < I; 

1 ss j ^ J; 

1 < i < I; 

(1.18) 

where the boundary constants Aijg and Byg are permitted to vary by region 
and group. The form of the resulting finite-difference equation is the same 
as that in r0 or rz geometry. 
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II.    ADJOINT CALCULATION 

The differential operator associated with the partial-differential 
system 1.1 and 1.2, when viewed as an operator in the space L2 over the 
reactor, has an adjoint operator in the same space.    If the boundary con- 
ditions  1.2 are homogeneous, then the domain of the adjoint operator 
coincides with that of the real operator.    Thus the functions that lie in 
the domain of the adjoint operator satisfy the same boundary conditions 
as the functions that lie in the domain of the real operator.    Hence, the 
adjoint operator is, in this case, just the formal adjoint operator.    Con- 
sequently the finite-difference approximation to the adjoint can be found 
by forming the transpose of the real finite-difference equations.    Before 
displaying the transposed system, we shall put the finite-difference equa- 
tions in the form of a matrix equation.    The ordering of the space will be 
that of channel ordering,3 which is just a permutation of the usual group 
ordering.    The ordering is defined in the following way:    For each i, 
1 < i < I, the set of points Ii  =   {(i,j,g):  1 ^ j ^ J, 1 ^ g ^ G> is called 
a channel.    The points within a channel are ordered first with respect to 
the energy groups; then within each energy group they are ordered with 
respect to the points in the channel.    Thus the flux vector   0  is partitioned 
in the following manner: 

0    -    (0j,  02,   ..., 0l)', 

0i  =   (0ii> 0iz» •••> 0iG)'» 1 < i < I; >- (2.1) 

where the prime denotes the transpose, since all vectors in this discussion 
are column vectors.    Relative to this ordering of the flux space, we shall 
define the following matrices: 

Jig 

eigi 

"bigi 

Jigi 

-igz ■bi g2.. 

"-b. ieJ-i 

■b,- igj-i 

HgJ 

;  1  < g < G, 1 < i < I; 

(2.2) 

(In the full periodic case, Jig has the element -bigj appearing in the extreme 
upper right- and lower left-hand corners.) 
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Kig   -  dia-g[aigl, aig2, .... aigJJ; 

Bf'g   =  diagfv^af;8, Vi2af2'g Vij0fj8]; 

Ff'g   =  diagfv^cf^vOfjf; Vijof^fvOf)«^ 

Then, collecting the above matrices, we define 

Jii -B? 21 

B 12 
'12 

■B 
IG 

b.   Ki   = diagJKi,. Ki2» .... KiQj, 

and 

c.    Fi   = 

F* 11 

U2 

.21 

.22 

FGi 

F|G F> GG 

Finally, we define the following matrices: 

"J, -Kx 

-K, J2. -K2. 

''•• Ki„! 

b.    F =  diag[Flf F2 F^. 

a.   M 
-Ki.i 

Jl 

-B Gi 

JiG 

(2.3) 

(2.4) 

(2.5) 
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In terms of the matrices   M  and  F,  the finite-difference system 1.16 can 

be put in the following form: 

M0  = - F0. (2.6) 

As we have noted (see p. 14), the assumption of homogeneous boundary con- 
ditions enables us to approximate the continuous adjoint by simply solving 
the adjoint equations of Eq. 2.6.    Thus we define 0* by the following equation: 

M*0 ^rh* - F*0*. 
k 

(2.7) 

where the   *  denotes the operation of taking the transpose.    Forming the 
transpose of M  involves taking the transpose of each of its blocks, and, in 

particular, would involve the transpose of the matrice J^.   In the great 

majority of cases, Ji is block lower triangular, and the iterative algorithms 
are designed to exploit this fact.    However, J* will then be block upper tri- 
angular, which is undesirable if we wish to use exactly the same algorithms 
in both cases.    To circumvent this difficulty, we form the adjoint matrices 
and then invert or reverse the order of the energy groups.    Hence we define 

the following matrices: 

a. J;„   =   J; 
ig i,G-g+i' 

b-      Kig  =   Ki,G~g+i; 

d     fgg'   =   FG-g' + i,G-g+i_ 

(2.8) 

Then with J^, Fj_, K^,   M,   and   F  defined in terms of these matrices as 

before, we can solve the equation 

Mf = - Ft/J, 

which has the same form as the real equation. 

We obtain the adjoint flux 0* by setting 

**,g,j   = ^i,G-g+i,j- 

(2.9) 

(2.10) 
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III. SEARCH STRATEGY AND a-CALCULATIONS 

Consider a critical system;  at  time t  =   0, let the system be modified 
in some manner.   Suppose that this modification or change is a constant in 
time; then if the matrices  M  and  F  reflect the conditions of the modified 
system, the flux 0(x,t) can be described by the equation 

V_1|f =   (F-M)°' (3<1) 

where V is a diagonal matrix whose elements are the speeds associated 
with the energy groups. After a sufficient length of time, the flux can be 
reasonably described by a solution of Eq. 3.1 separable in time. Letting 
$(x,t)   =   0(x)eat in 3.1 leads to 

(M+aV-1) 0  =   F0. (3.2) 

Note that since aV"1 is a diagonal matrix, its effect is to change the diagonal 
elements of M  from eig- to ei   ■ + (Xv^V-.    Thus the form of Eqs. 3.2 is 
identical to that of Eq. 2.6 with  k  =   1.    Thus if we call the result of solving 
2.6 a k-calculation, we see that a means for solving 3.2 can be based on a 
series of k-calculations.    Thus, for each given a,  we solve the system 

(M+aV1) 0(a)  = ^r F0(a). (3.3) 

Then we search for that value of a for which k(a)   =   1.    Thus we see that 
an a-calculation is just a particular type of criticality search. 

To discuss the strategy employed in a search calculation, we shall 
have to describe briefly the method used in solving Eq. 2.6.    Now recall that 

eigj = aigj+ bigj+ cigj+ digj+ vij "(<*)„+ ^ 
where for each (i,j), we have 

4 = ac + °i + X a§g' 
g'h 

Thus, 

eigj  > bigj + dijg   -  bigj + bigj-i; 

hence, J^"' exists and is positive.    Moreover, 
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'igj 
>Vi 3    I 

g'^g 

Tgg' 

hence, J[' exists and is nonnegative.    As a consequence, the matrix M" F 
exists and is nonnegative.    The problem posed by Eq. 2.6 can be viewed in 
the following manner:    Find the largest positive eigenvalue and the cor- 
responding positive eigenvector of the matrix M_1F.    The method used to 
find these quantities is that of power iterations.4   The method consists of 
the following iterations:   Starting with any nonnegative vector   </A0J   and any 
positive number  k(°),   the sequences   ip(n>   and  k(n>   are generated as follows: 

f (n) 
:(n) 

(M-'F)^11-1),     k(n) (^(n)^(n-i)) ' 
(3.4) 

where 

(f,<l>)   =   X ^igj^i gj- 
ijg 

Then, if the matrix M_1F is nonnegative and irreducible, it is well known 
that the sequence k'n' will tend to the unique largest positive eigenvalue of 
the matrix, and the sequence f(n' will tend to the corresponding positive 
eigenvector.   In the above situation, we see that the generation of f^n' fr 
^/(n-i) involves the solution of the equation 

om 

Mf (n) 
.(n-i) 

Ff (n-i) (3.5) 

In general, the matrix M  is far too large to be held in fast core; however, 
it is block tridiagonal with nonpositive off-diagonal blocks and nonsingular 
diagonal blocks, which are diagonally dominant and have nonnegative in- 
verses.    Thus, a Gauss-Seidel iterative procedure will converge to a 
solution of Eq. 3.5.    Referring to Eq. 2.5a, we define 

a.    D  =   diag[Ji, J2> ..., Jx]; 

b.    L  = 

o o 
Kx o 

o 
K2 o. 

Ki.'iO 

u 

OK, O 

OK2 

O 
'••.Kl-i 

o 

y (3.6) 
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Then M  =   D - L - U, and a Gauss-Seidel iteration relative to this splitting 
is defined by the following procedure: 

(D-L)X^)  =   UX^-1) + -7^— F^11"1),        Z  =   1, 2, .... (3.7) 
n n t(n-i) 

wi th x(°)   =  ^(n_1).    The sequence *X.\~> will then converge to the solution 
ip(n ) of Eq. 3.5.   Moreover, if there is no up-scattering, the matrices Ji 

can be inverted directly since they are then block lower triangular, with 
tridiagonal matrices forming the diagonal blocks.   If up-scattering is 
present, the matrices Jj satisfy the necessary criteria so that a Gauss- 
Seidel iterative procedure can be applied to these matrices. 

The present code does not go beyond the first iterate in the iterative 
procedure defined by Eq. 3.7.    Thus, ^/(n+1) is defined to be equal to  X^'> 
hence, the iterative procedure used in this code is as follows:    Starting with 
any positive number k(°> and any nonnegative vector 0\°>, a sequence of 
numbers k(n' and vectors 0'n> is generated by 

(3.8) 

Thus we see that the actual iterative procedure used in this code is a non- 
stationary, nonhomogeneous power iteration, where the product 

n 
77-s^ 

£ = i 

replaces 

1 
(M_1F). 

7TkW 
i=i 

Here S^ denotes the nonnegative matrix (D - L,)"1 [U + (l/k)(£) F]. 

Before we discuss the effect of the above iterative procedure on the 
search strategy, we shall display the above iterations in more detail.    Thus, 
using the definitions of D,   L,   and  U,  we have the sweep through the channels. 

with K0   =   Kj  =   0. 
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If up-scattering is present, the matrices J-[ will not be block lower 
triangular; thus, the vector 0|n' will be found iteratively.    Within a given 
channel, we have the following iterative scheme: 

Y(m)   _     V        g'g    (m)        V     ßg'gy^-^+K: 0^n) 
JigYig      -     Z-.     ai      *ig'    +    lu     Di      *ig'        + ^H-i.g^i-i, 

g'<g g>g' 

+ *iA?-d + ±i   I   F«'^ for g,   1.2.. ^i+i,gT     (n) 
'=1 

G. 

(3.10) 

Here we take Y[°J   -  0ig      > and upon achieving convergence, we set 
<p{n/   =   Y>m' for  g   =   1, 2, ..., G,   and then move on to the next channel. 
If no up-scattering is present, we obtain (pfa) exactly in one sweep through 
the groups.    Except for the full periodic case, the vectors Y[^' 

are found 
by a direct inversion procedure based on the factorization of a tridiagonal 
matrix into the product of a lower bidiagonal and an upper bidiagonal 
matrix.1'5   This technique is sometimes known as Choleski's method.     In 
the full periodic case, the solution is found by means of an iterative tech- 
nique, which will be discussed in Section VI. 

Having thus displayed the iteration procedure at various stages of 
detail, we shall consider the question of how a search is carried out.   In 
a search, we seek the value of a parameter such that the resulting system 
has a keff equal to a prescribed value.    Thus, we seek that value X0 such 
that k(X0)   =   k0 where k0 is given.    This is accomplished by means of linear 
interpolation; hence, given 

(xHk(x(*)))   and(x("-;)fk(x("-i>)), 

a straight line is passed through these points, and x(s+1> is taken to be the 
abscissa of the intersection of this  straight line with the line   k   =   k0.    The 
major problem is that an estimate for k(X) is expensive in machine time; 
moreover, the cost is higher than usual in this code for the following 
reason.    Experience has shown that generally the rate of convergence of 
a power iteration procedure based on Eq. 3.4 is relatively fast (r "S 0.9) 
for the flux and even faster for the sequence k(n).    (in this context, by a 
rate of convergence   r,  we mean that the error eventually behaves like 
rn, where  n  is the iteration count.)   Since the matrix M  is so large, we 
cannot perform an iterative procedure based on Eq. 3.4.    On the other 
hand, we could base a practical iterative procedure on Eq. 3.5 in conjunc- 
tion with Eq. 3.6.    Then the same rate of convergence would apply to Eq. 3.5; 
however, the rate of convergence of Eq. 3.7 would be very much slower. 
Since the determination of the sequence k(n) is based on Eq. 3.5, we would 
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expect the rate of convergence of k(n) to be comparable to a procedure based 
on Eq. 3.4, provided a sufficient number of iterations are performed in 
Eq. 3.7.    However, since the flux is determined by Eq. 3.7, we would expect 
its rate of convergence to be slow.    Thus, insofar as rates are concerned, 
we would expect the sequence k(n) to converge more rapidly than the fluxes. 
The present code uses only one iteration of Eq. 3.7 per iteration of Eq. 3.5, 
thereby creating the iterative procedure, Eq. 3.8.   In this procedure, the 
rate for the sequence k(n) is now comparable to that for the flux estimates, 
hence converging at a rate of 0.99 or greater for the average-sized problem 
(Appendix A, Sample Problem l).    This situation, namely the slow conver- 
gence of the estimates k(n>, causes an extreme amount of difficulty in the 
search procedure by compounding or accentuating the following dilemma: 
On the one hand, for a given x(i), a sufficiently accurate estimate kw(xw) 

must  be   found   for   k(x(i))to ensure  that  the  sequence  X^1'  will   converge 
to  X0.    On the   other  hand,   because  of the curvature of  k(x),   an accurate 
determination of k(x(i)) does   not   lead to a comparably  accurate   estimate 
x(i+1)   of X0 when x(i)   is not near  X0.     Taking  these   considerations into 
account,   we   have   developed   a   search  procedure  based   on  the   following 
observations: 

1. Each k'n)(.X) is very costly; its value in time corresponds to a 
complete sweep of the mesh for all groups. 

2. The sequence k(n)(X) is slowly converging, its rate being of the 
same order as the flux. 

3. The sequence k(n)(X) changes  slowly as a function of  X.    Thus, 
if k(n)(X) is an acceptable estimate for a given  X  and if X1 is the next 
estimate for X0, then k(1)(X') is close to k^n)(X). 

4. After a sufficient number of iterations, the sequence kW(X) 
converges to k(X) in a geometric fashion. 

With these observations in mind, the following strategy is employed: 
Suppose that we are beginning the iterations needed to approximate k{   = 

k(x^))   corresponding to a control value X^.   Here X^1' may be an initial 
guess or the result of interpolation.    The code then generates successive 
estimates kl1', ki2) k(n) for k..    Because of observations   2,   3,   and  4, 
no change is contemplated until at least 15 iterations have been completed 
and a minimal level of convergence has been achieved.    We then determine 
whether the sequence kin) is heading towards the desired value k0.    If the 
sequence is heading away from k0, we stop the iteration as soon as the 
following criterion is satisfied: 

|k[n) - k.|  < 0.2 |kH - kj. (3.11) 
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Of course we do not know lq; therefore |k*n' - kj must be estimated.    Based 
on the assumption that the convergence of k(n) is geometric, this difference 
is approximated by 

|kH-k.|  =  -^y-:  |Ak(n)l, (3-12) 
1  - r>n' 

l 

where 

r 
l 
w. Mn)l 

\Ak[n-^\ 

and 

Ak{n>  =  k(n) - k^. 

The test defined by 3.11 in conjunction with the approximation 3.1.2 is made 
only after at least three successive unextrapolated iterations have occurred. 
This restriction is necessary because extrapolation destroys the geometric 
character of the convergence.    The case in which the sequence kin) is heading 
towards k0 is somewhat more complicated.   In this case, an effort is made 
as soon as possible to determine whether the iterates k(n) will pass through 
the desired value kg.    Again this determination is made under the assumption 
that the sequence k(n) is converging geometrically; thus, the same restric- 
tion with regard to ^flux extrapolation is in effect.   If the estimate klnJ for ^ 
lies on the other side of k0 or is close to k0 (that is, [k0 - k>n'|  < (lO)ec), 
then the code continues to iterate without making a control change.    On the 
other hand, if the estimate k(n> lies on the same side of k0 as k[n' and is not 
close to k0, then the test defined by 3.11 and 3.12 is applied.    If the test is 
satisfied, a control change is made using the estimate k|n/ for k^.   If the 
test is not satisfied, then the code continues to iterate (see Appendix A, 
Sample Problem 3). 

Having discussed the decision-making process involved in seeking 
a value of the control parameter (X) such that   k(X)   =■ k0, we turn next to 
the logical control of the search process.    Of course, what we ultimately 
seek as the result of a criticality search is not the required order of  X  but 
the value of some reactor parameter(s) such that k (parameter(s))   =   k0; 
i.e., we must have parameter(s)   =   F(X).    The functional relationship used 
in the program is 

P Is) = p[°)(i + x(s)öpn), 
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•where 

Xs is the value of the control parameter for the sth pass, 

P^' are the initial values of the reactor parameters), 

p(s) are the values of the reactor parameter(s) for the sth pass, 

and 

6Pn are the parameter(s) modifier(s), 

The code currently allows the following four choices of the parameters) 
Pn (i.e., four different types of criticality searches are possible): 

1. Composition Search 

P     -   VF rn  ~   v E m,c 

where VFm c are the volume fractions for materials  m in composition  c. 

2. Dimension Search 

Pn  =   AXi and/or AYj, 

where AXi(AYj) are the mesh increments (i.e., interval lengths) in the 
X(Y) direction. 

3. Buckling (Bz) Search 

Pn  =   B2
r, 

where B^, is the transverse buckling for region  r. 

4. a Calculation 

Pn  =  a. 

where  a  is the asymptotic inverse reactor time period. 

The logical control of the criticality search is essentially as given 
in the CANDID2D document,1 but is duplicated here for completeness. 

A first guess, X^, and either a second guess, Xg, or an estimate 
of dk/dX, (KDOT), and k<j are required input. If KDOT is given, then XB 

is computed from the following equation: 
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XB   =   XA+ (k0- k(xA))/KDOT. 

Once k(XA) and k(Xß) are computed, linear extrapolation is done until 
k0 is bracketed.   A maximum number of extrapolations to bracket k0 is 
provided in the input.   Once k0 has been bracketed, the values of k(X) 
and X that best bracket k0 are stored in XL, kL, XR, and kR  such that 
kL < k0 < kR. 

For the purpose of the following discussion on bracketing   k, let 
us assume that X < XA < Xß < X.   If an extrapolation results in X < X, 
then a midpoint is attempted for  X  from X  =   (X + XA)/2.   If a later ex- 
trapolation has the same result, X < X. then the bound itself is used; 
i.e., X  =   X. 

A third failure at the same bound will be a terminal error.    The 
above discussion follows through in a similar manner if Xß <  XA and/or 
the failure is at the other bound,   X. 

X1(   klf X2, and k2 are the interpolation parameters and are chosen 
in the following manner:    Once k0 has been bracketed,   set  Xx   and X2 equal 
to XL and XR, and interpolate for   X  from the following equation: 

Y        Y   -L.      k0 -   k(Xt)      , . 
x = Xl+ k(x2)- k(x1)

(X2-Xl)> 

then  k(X) is computed, and the bounds are updated as follows: 

If k(X) <   k0, then XL  =   X and  kL  =   k(X); 

or 

if k(X) >  k0, then XR  =   X and  kR  =   k(X). 

The closest two values of X  are used for the next interpolation: 

If |X - Xj  < |X - X2|, then X2  =  X and k2  =   k(X); 

or 

if |X - X2| <  |X - xj, then Xx   =  X and  kj   =   k(X). 

Now interpolate for a new value of  X.    If X   does not fall in range 
of the best known bounds, 

X < XL and XR, 
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or 

X > XL and XR, 

then the bounds are used: 

Xi = XL, kj = kL, 

or 

X2  =   XR,  k2   =   kR; 

this will yield a valid  X. 

This procedure is continued until either the convergence criterion 
is met or a specifiable number of interpolations is exceeded. 
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IV.   SOURCE CALCULATION 

A source calculation can arise in two ways.    Either a fixed source 
is prescribed, or an inhomogeneous boundary condition is present.   In 
either event, the basic assumption of a source calculation is that the reac- 
tor system in the absence of the fixed source is subcritical.   In terms of 
the matrices introduced in Section II, a source problem can be written in 

the form 

(M-F) 0  =  f, (4-!) 

where   f  is a prescribed nonnegative source.    The assumption of subcriti- 
cality ensures that the matrix M - F is not singular.   In addition, it ensures 
that the solution 0  is nonnegative when  f  is nonnegative.    This last state- 
ment is by virtue of the fact that  0 = (l - M_1F)_1 M_1f, and by the hypothesis 
that the spectral radius of M_1F is less than one.    Thus (l -M_1F)      S 0. 

The method used to solve Eq. 4.1 takes advantage of the existing 
method for solving the homogeneous problem.   Hence, in terms of the ma- 
trices introduced in Section III, the iterative procedure employed in the 
absence of up-scattering can be written in the form 

(D-L)0(n)   =   (U + F) 0(n"1) + f. (4 = 2) 

As far as the mechanics are concerned, this procedure differs from 
the keff case only to the extent that the eigenvalue estimates k(n) are not 
used in the fission source.    Recalling the structure of D -  L from Section III 
for no up-scattering, we see that (D - L)"1 exists and is nonnegative.    Fur- 
thermore, U + F is a nonnegative matrix; thus, the splitting M - F = (D - L) - 
(U + F) is a regular splitting.3   As a consequence, the spectral radius of 
(D- L)_1(U + F) is less than one; thus, 4.2 is a convergent iterative procedure. 

"When up-scattering is present, we shall assume that a fixed number 
of up-scattering iterations are performed.    From Eq.  3.10, we recall that 
within each channel  i,   1  < i < I, the up-scattering iterations have the 

following form: 

wW- i BPYW* Z B?'Mr,+K^Ä 
g'<g g>g 

g'=1 (4.3) 
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Here, 

Y<»>  S #M 
lg "lg 

and at the end of  I iterations we set 

^Ig lg 

Referring to the definition of Z\_ in Eq. 2.4a, we form the block decomposi- 
tion Jj = Di - Li - Ui, where 

Di  =   diag[Ji1; Ji2,  •••> JiGl' 

and Li and Ui are the remaining block lower and upper triangular matrices, 
respectively.   In terms of this decomposition, the up-scattering iterations 
take the form 

(Di- Li) Y<m>  =  ^ri) + Ki.rfK + Mfc0 + F^ + fi- (4.4) 

If we set Ri = (Di - Li)-1 Ui, and recall that Y>0) = 0r       and 0>n) = Y4   ', 

then 0.      has the following form: 

*|n)  =  Rf*!""0 + (I- Rf)Jf'{Ki.,4?! ♦ Ki#&° + F1#i-'> + £i}. (4.5) 

We can write this iterative procedure in a manner analogous to Eq. 4.2 if 
w e define the following matrices.    Let M  and  N be defined by 

A 
M 

■(I-R|) JZ-'KJ 

o 
and 

N 

o 

o 

■ (I-R/) J3"!K2 1^ 

(I-Rf) Jf'Ki.!      -I_ 

Rf + (I-R?) JF'F, (I-RJ) Jj'K, 

Rf + (I - R|) J2-'F2 (I - Ri ) J2- 'K2 

Ö 
Rf + (l-R?) Jf1 + FX 

(4.6) 

(4.7) 
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where 

With these matrices defined, the iterative procedure 4.5 can be written in 
the form 

M0<n)  =   N^-^ + g, (4-8) 

gi   =  (i-R-^J^fi for i   =   1, 2,  .... I. 

At this point we can make several observations: 

1. For each channel  i,   the matrix (i - Rj J Jf1 is nonnegative and 
nonsingular. 

2. The iterative procedure 4.8 is convergent. 

3. The solution thus obtained satisfies Eq. 4.1. 

Starting with the first observation,  recall that Ri = (Dj - Li)-1 Uj is 
the block Gauss-Seidel iteration matrix associated with the matrix J^.    The 
matrix Jj_ has on its block diagonal nonsingular matrices which have posi- 
tive inverses.    Moreover, the block off-diagonal matrices are nonpositive; 
thus, Ri is nonnegative and has a spectral radius less than one.   For the 
same reasons, J[J and (Di - Lj)-1 are nonnegative.    As a consequence, we 
see that Jf1 ^ RiJ[ 1 since 

(i-Ri)Ji1   =   (l-Ri)(l-Ri)-
1(Di-Li)-

1   =   (Di-Li)-
1^0. (4.9) 

From this it follows that (i - R() Ji1 2= 0 for any  I > 1.   Since the 
spectral radius of Rj is less than one, the same is true of Ri ; thus.^I- R^ J 
exists and is nonnegative.    Hence, (i-R^j Jj"1 is not singular. 

Addressing ourselves to the second observation, we see from the 
first observation that  M      exists and is nonnegative; moreover  N  is also 

A A 
nonnegative.    Thus the matrices   M  and  N  used in 4.8 form a regular 

° A A 
splitting   of the matrix M  - N; consequently, the process is convergent. 

Concerning the third observation, suppose that   i//   satisfies 

(M- N) ii   =  g. (4.10) 

Now M -  N = SJ_1(M - N), where 

J   =   diag[j1( J2,  ..-, Ji] 

and 

S   =   diag[(l-Rf),  ...,(l-Rjf)J. 

(4.11) 
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From the first observation, the matrix SJ"1 is not singular; moreover, 
g = SJ_1f.    Hence, ijj  satisfies Eq. 4.1; therefore f - 0, where   0  satisfies 
the equation 

(M-F) 0  =  f. (4-12) 

Based on the above observations, we can draw the following conclu- 
sion:    When up-scattering is present, the solution does not depend on the 
number of up-scattering iterations performed.    The use of up-scattering 
iterations would then rest on the possibility that they will improve the rate 
of convergence or at least the asymptotic rate.    The possibility of improve- 
ment rests heavily on the behavior of  N  defined in 4.7 as a function of the 
number of up-scattering iterations,  I.    However, although the asymptotic 
rate of the process defined by Eq. 4.8 does increase with increasing   I, it 
is  still not sufficient to offset the consequent increase in computation time. 
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V.   ACCELERATION 

In this section we shall describe the acceleration scheme that was 
implemented for source calculations.    The scheme used was two-term 
Chebyshev extrapolation applied to the iterative scheme 4.2 (or 4.8 for 
up-scattering).    This scheme was chosen because a two-term Chebyshev 
procedure is used to accelerate the keff calculation.    Thus a minimum 
amount of effort was involved in adapting this procedure to a source 
calculation. 

Recall from Section IV that the iterative procedure used to solve a 
source problem can be written in the form 

0(n+i)   =  R0(n) + b (5.1) 

Here R = (D - L)-1(U + F) and b = (D - L,)"1 f, if no up-scattering is present. 
If up-scattering is present and we assume that a fixed number of up- 
scattering iterations are performed, then R = M_1N and b = M_1f, where 
M  and  N  are defined by Eqs. 4.6 and 4.7.    Neither the matrix  R  nor its 
associated Jacobi matrix is symmetric; thus, to justify the use of Chebyshev 
extrapolation, we shall have to assume that the matrix  R  has real eigen- 
values.    The two-term Chebyshev extrapolation4 can be described briefly as 
follows:    Let  0  be the solution of Eq. 5.1, and let e(n) = 0 - 0(n).   It then 
follows that 

e(p)   =  Re^P-')   =  RPe(°). (5.2) 

If we assume for simplicity that the eigenvalues Aq of  R   are simple with 
1   > Ai  > A2 >  • • ■ — 0. then e'P/ can be expressed in the form 

e(p)   =   ejAfui + c2APu2 + ...  • (5-3) 

If, on the other hand, we had used 

P    R-tXi       R - <x_    R- a     !    R - a, 
-rr J   _   P      F  I 

. _    1 - a,j       1 - otp  ' 1 - ap_!     1 - a1 

in place of R    on e^0', we would have obtained 

/   x p    Aj - ai P    A, - ai 

»(p) = =.77-TT^u' + ^77-rr^U2+-- (5'4) 

Here we can see the possibility of making e(p) as defined by Eq.  5.4 smaller 
than e(p) as defined by Eq. 5.3.    For if we set 



P   X - gj 
QpUjXj   =  ff -        J 

a 
(5.5) 

J = i J 

and then choose Qp(X; Xj) to be the minimal polynomial in the supremum 
norm of degree  p  over the interval [O, Xj, then e(p) as defined by Eq. 5.4 
will be smaller than e(p) as defined by Eq. 5.3.    The solution to the above 

minimization problem is given by 

Qp(X; X2) 

2X 

X, 

CP\xi - ' 
(5.6) 

where Cn(x) is the Chebyshev polynomial of degree   p  normalized to be 1 at 
x   =   1..   The   roots of the polynomial in Eq. 5.6 are then given by 

1 + cos J(2(p - j) + 1)-T- y        for j   =   1, 2, (P)   h 
aj      _    2 i}]       f°rj (5.7) 

Since the matrix polynomial Qp(R; Xx) is expressed in its factorial form, we 
accomplish the extrapolation by applying one factor at a time. Suppose that 
starting with a flux 0(n) and an estimate Xx for X1; we decide to perform an 

extrapolation cycle of order  p.    The roots |a^pH?=1 
are then computed from 

Eq. 5.7 by using Xx in place of Xj. For use in the actual application, we de- 
fine the numbers  ß(P/ = [ 1 - Ct'P/]    .    Then we generate in succession 

j \ J    / 

ft(n+0 R0 (n) + b; 

(n+i)   = 

1 - a (p) 
(0(n+O - ajP)0(n))   = ßjP)0(n+1) + (l - j3JP)) 0<n); 

(n+2)   =   R0(n+O + b; 

n+2)   =    L_ (0(n+2) _ a(p)$n+i)) =   ß(p)0(n+2) +   ^ . ß(p)j  $(n+i). 

)(n+p) 

a 

1 

a(p) 
P 

(0(n+P) . ajP^n+P"1))   =  ß^k{n+p) + (l - ßp
p)) $(n+P"^. 

(5.8) 

With the generation of 0ln+p) we have completed an extrapolation cycle of 
order p.    The error vector, e(n+P) = 0 - 0(n+P), then satisfies 
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(n+P)   =   QD(R; X,) e(n). (5.9) 
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As is well known,3'4 the effectiveness of this extrapolation is sensi- 
tive to the accuracy of the estimate Xr for Xx. In this code, the initial esti- 
mate for  A-i is found from the fact that, for sufficiently large  n, 

||0(n+i) _ 0(n)| 

||0(n) - 0(n-i)| 

where 

X,, (5.10) 
2 

r/z n*ii2 = (i*y 

Subsequent estimates are made using an up-dating procedure introduced by 
Varga.3   This up-dating procedure is used in the following way:    Suppose an 
extrapolation cycle of order p was begun with the nth iteration, so that 
$(n+P) is the result of this cycle.   An unextrapolated pass is then made gen- 
erating 0(n+P+1), and the following quantity is formed: 

||0(n+p+.)_$(n+p)||2 

En-P   =        ||#<»+0 _ *(n>||2     ' 

It can be shown3 that 

En.t)   =   IQ^XUXJI. (5.12) Jn,p   -   l«pv 

Now 

Q„(X; Xx)|  * Qp(Xi; Xj  =  ;-= r        for 0 £ X < X1; (5.13) 
CP 

and 

Qp(X; Xj) 2: Qp(Xi; XO       for Xj <  X < 1. (5.14) 

Hence, using Eq.  5.12, if 

E <   T-^ r-, (5.15) 

then we   can  conclude   that    Xj ^  Xj and also that the extrapolation was as 
effective as we can expect since l/[Cp(2/X1 - 1)] is the maximum of the 
modulus of Qp(X; X^ in the interval [0, Xj.   On the other hand, if 



Jn,p > 
1 

(5.16) 

then, using Eq. 5.14, we can conclude that X1 <   X,.   In this case, the esti- _ 
mate for  \1 will need to be moved up.   Since  Xj <  X1; we know that Qp(Xi; X,) 
is positive; thus, using Eq. 5.12, we define the new estimate  Xl as that value 
of   X   for which 
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En,p - Qp(M; ^i)- 

This yields a new estimate X[ for which X1 <  X\  < 1. 

(5.17) 

A source calculation then proceeds in the following manner:    Starting 
with an initial guess for the flux, we perform 15 unextrapolated iterations, at 
which point we make an initial estimate  Xj for  Xj using Eq.  5.10.    If this 
estimate, which is also a measure of the rate of convergence, is greater than 
0.75 and less than 0.995, then we perform an extrapolation cycle of order 6. 
If the estimate is greater than 0.995 but not greater than 0.999, the order is 
limited to 5.   On the other hand, if the estimate exceeds 0.999, then this 
value is used in place of the estimate.    On the other hand, if the estimate is 
less than 0.75, then the unextrapolated iterations are continued until the 
estimates exceed 0.75 or convergence is attained.   At the end of an extrapo- 
lation cycle, we make a test according to inequality 5.15 as to whether the 
cycle was effective.   If it was not, we make a new estimate according to 
Eq. 5.17.    Three unextrapolated iterations are then performed before enter- 
ing the next extrapolated cycle.    Generally speaking then, the pattern is 
extrapolated cycles of length p,   interspersed with three unextrapolated 
iterations.   Of course, there are exceptions to this general pattern.    For 
example, if the  rate of convergence (as estimated by Eq.  5.10) drops below 
0.75 or rises above one during unextrapolated iterations, then these unex- 
trapolated iterations are continued. 

The problem is continued until the following criteria are satisfied: 

.Il0(n)|l2
-1||0(n)-   0(n-i)||     *   H {518) 

and 

k(n) - k(n)   <  ek, 

where 

k(n)   =  max 
0.N 

XJg. 

rf)(n-i)' 
ijg   ^ijg 

k(n) 

(5.19) 

mm 

!Jg 

0(n) 

0(n-O' 
!jg 

(5.20) 
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and the extrema are taken over the set of points (i, j   g   for which 0ijg      - f0 
(see Appendix A, Sample Problem 4).   Also note the followxng fact 

any componeni of t£ flux should become negative during, or at the COn 
elusion of   an extrapolation cycle, this component is set equal to zero.    The 
•nLitWe justification of this is as follows:    The external source is nonnega- 
Uve   thus it might be expected to be strongly biased in the direction of the 
dominant    igenvector ofV   which is positive.    Thus the desired solution is 
positive and'thereby biased in the direction of the domman   eigenvector 
Thus    if a component becomes negative in the course of extrapolation, it 
Licates a buildup of a lower harmonic.    This means the a^r«^ » 
heading away from the solution and will have to pass through zero on its 
way toward the solution.    Thus, setting the negative component equal to 
lero can do no harm and indeed prevents the difficulty that arises when 

any component of the flux goes negative. 

Many of the procedures used to accelerate a source calculation have 
been incorporated into the keff acceleration procedures     To describe these 
procedures, as well as others that were developed, we shall describe the 
acceleration procedure in some detail.    For simplicity in description, we 
Uhall alme'that no up-scattering is present and that the problem is not a 

full periodic problem. 

Recall from Section III that a keff calculation involves finding the 
largest positive eigenvalue and corresponding eigenvector of a nonnegative 
Ztrll    We saw from Eq.  3.8 that this code solves the problem by relying 
Entirely on power iterations (disregarding up-scattering and periodic 
iterations).    Thus, from Eq.  3.8, the basic iterative procedure is given by 

0 (n)   =   (D-L) -l u + - 
r(n-0 0 .(n-0. 

, '      / v     (rf)(n), 0(n)) k(n) = k(n"1)p^y- 
(5.21) 

If we setS(k)  =   (D-L)-1[U + (l/k)F]withSn_1 

Eq. 5.21 in the form 

0 .<*) sj^ if sm0(°).   k<*> = ^ 
m=i 

=   S(k(n-0) 

(0(n),0(n)) 

we can write 

(5.22) 

It is not hard to see that if  k is 
ponding eigenvector which satisfy 

M0  = - F0, 

the dominant eigenvalue and  0 the corres- 

(5.23) 

then 

S(k)0   =  0. 
(5.24) 
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Moreover,  1 is the dominant eigenvalue of the nonnegative matrix S(k).    Thus 
if we know that the sequence k(n) as generated in Eq.  5.22 converges to  k,   it 
follows that the sequence 0(n) will converge to  0.    However, the coupling be- 
tween k(n) and 0(n) is  so complex that it is difficult to show that the proce- 
dure defined by Eq. 5.22 will converge. 

Let us assume that the process defined by Eq.  5.22 is convergent. 
The application of Chebyshev acceleration to power iteration is predicated 
on two basic assumptions: 

1. The eigenvalues of the matrix are real. 

2. The eigenvalue estimates are converging at a faster rate than 
the eigenvector iterates.   Moreover, the extrapolation is not 
applied until the eigenvalue iterates have almost converged. 

Suppose both assumptions are satisfied;  so that kvn/   =  k.    Then the 
process becomes an iterative process with a fixed matrix, S   =  S(k).    Thus, 

0U+1)   =   S0^)        for   I   >  n, (5.25) 

where  S  has its dominant eigenvalue equal to one.    Let   a be an estimate 
for the second largest eigenvalue  0  of  S,   whose eigenvalues lie in the 
interval [O, l].    Then a Chebyshev extrapolation cycle of order  p  applied 
to the process Eq. 5.25, beginning with  I   -  n, would yield 

$(n+P)  =  Qp(S;ä) 0H (5.26) 

where 

C   fe -  1 
QD(x;ö)  = -^f J-. (5.27) 

The function C„(x) is, as before, the Chebyshev polynomial of degree 
p  normalized to be  1 at x  =■ 1.   If we expand 0^n) in terms of the eigenvec- 
tors of S,   we see that the 0\n+P-' has the form 

0(n+P)   =  a1Qp(l;ä)u1 + a2Qp(ax;Ö) u2 + ..., (5.28) 

where 0^n/ = ^Uj + c2u2 + ... and 1  > (jj  S ö2 - ••■   — 0 are the eigenvalues of 
S.    Now Q-p(l; Ö) = 1 and Q„(x;ö) is minimal over [O, ä].    Therefore we have 
performed an effective extrapolation depending on where our estimate   O  is 
relative to O]. 
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We have described the standard technique for applying Chebyshev 
extrapolation to eigenvalue problems.   Accounts may be found in Refs. 3 
and 6.    Note that here the dominant eigenvector estimates play the same 
role that the error vectors did in the source calculation.    Based on the 
above analysis, we could use the up-dating method for finding new   esti- 

mates for ax. 

When the two-term Chebyshev extrapolation is applied to a keff prob- 
lem, the results are disappointing (see Appendix A, Sample Problems  1 and 
2).    This is in contrast to the source-calculation case (see Appendix A, Sam- 
ple Problems 4 and 5).    There the results are quite good; for example, the 
extrapolation cycles make their theoretical error-reduction criterion 
(En p ^ Cp(2/I- l)"1) more often than not.   On the other hand, for a keff cal- 
culation, an extrapolation cycle will almost never make its theoretical cri- 
terion, frequently does little better than the same number of power iterations 
would have done, and occasionally even causes apparent divergence.    Of 
course, we can always recover from this latter contingency by performing 
power iterations. 

We shall explain why extrapolations in the keff case behave as they 
do.    We shall also describe what remedial steps were taken in the use of 
extrapolation to minimize the effects described above. 

The problem in the keff case is that assumption 2   is not satisfied. 
That assumption   1   is essentially satisfied is  shown by the following em- 
pirical evidence:    If k   =   1, then the matrix S(k) is essentially the same as 
the matrix  R which appeared in the source calculation.   In fact, S(k)   = 
R + (l/k- 1)(D- L)"

1
 F.    The source extrapolations were very effective, 

indicating that  R  had essentially real eigenvalues.    Thus we would expect 
that at least for  k near one, S(k) would also have essentially real eigen- 
values.    This argument is somewhat weak since S(k) can be viewed as a 
perturbation of  R by a nonsymmetric matrix. 

On the other hand, the evidence that assumption 2 is not satisfied 
is overwhelming.    In almost every case, the rate of convergence of the 
eigenvalue iterates k(n) is of the same order as the eigenvalue iterates. 
Thus, it is not feasible to wait until the sequence kW has converged before 
extrapolating.    Let us consider the effect of performing an extrapolation 
cycle before the eigenvalue iterates have converged.    Two effects are pres- 
ent.    First, the estimate k(n) for  k  is not accurate, and second, the iterates 
k(n) are changing during the extrapolation cycle.    Consider the first effect. 
Assume that we have an estimate  jd   =  k(n) and an estimate   0 for the domi- 
nance ratio of S(/i)   =  s(k(n)); i.e., if X^ju)  > X2(/i) s ... are the eigenvalues 
of S(/i), then we have an estimate for \2(jJ.)/\1(jd).   Note that since  fi / k, 
Xi(jLi) /  1   =   Xj(k).    Let 0W be considered in terms of the eigenvectors of 

S/(JU); i.e., 

0(n)   =   Clui + c2u2+ ...,        ui   =  ui(/i). (5.29) 
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Then, as a result of an extrapolation cycle, we obtain 

0(n+p)   =   c1Qp(\1(jLl); Ö) Ul + c2Qp(X2(/i); a) u2 + .. 

Figure 3 is a graph of Qp(x; <5). 

(5.30) 

Qp(Ö;ö)  =   [Cp(2/'a- I)]"1 

Fig. 3.   Graph of Qp(x; 0) 

Now  Xi(/i)  /   1, and since  jJ.  is in general not even close to   k,   we 
see that  A.J(JU) need not be less than one; or if it is less than one, it need 
not be greater than   cf.    Thus we see that the "reduction factor" 

Qp(Xz(iu); 5) 

Qp(Xi(M); Ö) 
(5.31) 

need not be less than the theoretical reduction factor [Cp(2/a - 1)]_1 re- 
gardless of how well the dominance ratio   a is estimated.    Indeed we can 
see that for  X^jd) <  Ö, the reduction factor can be greater than one.    Thus, 
we can begin to see why the extrapolations are so ineffective, and how the 
higher harmonics can be built up during a cycle when  Xi(/i) <   0- 

The problem of a changing estimate lon' during the extrapolation 
cycle adds an additional degree of complexity by preventing us from 
applying a Chebyshev polynomial. 

Having examined the causes for the ineffectiveness of the extrapo- 
lation procedure, we find that two courses of action are open.    First,  change 
the basic iterative structure.    Second, modify the technique of applying the 
extrapolation procedure.    The first course of action requires  scrapping the 
computational portion of the code and starting from the beginning.    This is 
being done.    As far as this code is concerned, the procedures for applying 
the extrapolation have been modified to at least prevent disaster. 

The following procedure is available, on option, to help prevent the 
occurrence of  Xj(/Li) <   C.    The code has a built-in sequence of numbers 
0.8, 0.85, 0.9, 0.925, 0.95, 0.96, ..., 0.99, 0.991,  ..., 0.995.   The user 
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specifies one of these numbers, say O0.    ThenJLn the first extrapolation 
cycle, the code will not use any estimate for   O that exceeds a0.   If 01 is the 
next larger number in the above sequence, then on the second extrapolation 
cycle the code will not use any estimate   O which exceeds ax.    This process 
is continued until 0.995 is reached.    The above procedure then has the effect 
of restricting the growth of ü  as the iterations proceed. 

In this connection, a second technique is available for avoiding the 
situation X^jd)  > a.    This involves running a coarse-mesh problem and then 
refining the mesh and using the results from the coarse problem. 

The up-dating method for finding estimates for the dominance ratio  O 
is used only when the sequence k(n) has essentially converged.   As we have 
noted before, this seldom occurs before the flux has converged.    The reason 
the up-dating method is not used before this point is that it forces the esti- 
mates for   a to be large very early in the iteration process.   Most of the 

estimates for   0 are made by means of 

_     ||*fe) .  0(n-   ,„,     _ (532) 
n   "   ||0(n-i) - 0(n-2)||2 

This monitoring is performed during the three- to four-power iterations 
that follow eachChebyshev extrapolation cycle. 



VI. SOLUTION OF THE FULL PERIODIC PROBLEM 

The full periodic case arises in r0  geometry when the reactor do- 
main is annular.    Thus the flux must satisfy 0g(r,O)  = 0  (r, 271").    This 
condition leads to the following form for the matrices   J^: 

J« 

eigi -b- 
igl 

-b4 igJ 

-b 
ißi e- 

lg2 HJ2 

'ig.J-i 

-b. 
igJ 

-b; ig,J-i eig,J 

(6.1) 

We recall from Eq.  3.10 that for each channel  i  and group  g  we 
seek the solution of the equation 

T.   Y. J ig   i| =  U 
ig* 

(6.2) 
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where   fig   denotes the entire right-hand side of Eq.  3.10.   In the nonfull 
periodic case,   bigJ   =   0, and the Choleski algorithm is used.    Because of 
memory limitations and programming difficulties, Eq.  6.2 is solved 
iteratively. 

To effectively describe the iterative scheme used to solve Eq.  6.2 
in the full periodic case, we shall briefly describe the Choleski algorithm 
as used in this code.    In the remainder of this section, we shall drop the 
subscripts   i  and  g.    The basic idea of the method is to factor the matrix 
into the product of a lower triangular matrix and an upper triangular 
matrix (Gauss elimination).    Thus, starting with a system Ax  =  g, where  A 
is a tridiagonal matrix, we obtain the pair of equations 

(6.3) 

Here   L  is lower triangular, and  U   is upper triangular and has the form 

U   = 

■^i 

O 

■y2 

i ■1-. 

O 
■7p-i 

1 

(6.4) 
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A forward sweep yields the sequences  {7j} and Oj}; the backward sweep 
yields the solution {XJ}.    Thus if 

A  = 

■bi 

■bi 

e2 "b2 

p-i 

(6.5) 

then 

1 / 
7i   = —.       ^i   =  gi/ei; 

ei 

7. 
uj 

ej -bj- i'Yj- -l 

gj 
+ b. 

-l 

,       for  j   =   2,3 p-1; (6.6) 

CD-   = —= r" >       for  J   =   2'3 P- 

The backward sweep that generates the solution is then given by 

Xj WJ+I' 
for  j 1, p - 2, ...,  1. 

(6.7) 

e sequence  {coj depends on the vector  g, whereas the sequence 
Is only on the matrix elements; thus the sequence  {y^} is calcu- 

Note that th 
{y.} depend 
lated only once and then stored. 

We shall now consider the iterative method used to solve the periodic 

problem, 

Jy  =  f, <6-8> 

where  J (without the   ig   subscripts) is defined by 6.1.    Let the matrix A 
be the result of setting  bj   =   0 in the matrix J.    Then we rewrite 6.8 in the 

following form: 
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Ay = 

fl + bjyj 

u 

fJ- -i 

£J + bjYi 

,(°) (0 * v '   frc Let  Y       be an initial guess.    Then we will generate  y       from 

fi + bjy-ro) 

Ay (0 

fj + v; 
(o) 

(6.9) 

(6.10) 

Since  A  is tridiagonal, we can use Choleski's algorithm to generate   y 
Thus we form 

(i) 

7i  =  Vd.       7:   =        . b-    7-    ' J J      V1 yJ-i 
for  j   =   2, 3, ..., J -  1, 

and 

tu (i) 
(°) f! + bjyj 

CD (0 
ei 

fj+bj-i4-}i 

with 

Ü0 
(!) fJ  +  V1

(0)  +  bJ-ia> 
(0 
J-l 

ej - bj-i'Vj-i 

ce (oM 

j   =   2, 3, ..., J -  1, 

(6.11) 

With the sequence ^co} ' ^ thus generated on the forward sweep, we generate 

the sequence ^y! '>■ on the backward sweep: 
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A 0)    _    JO CD- 

i(0   _ .,(0 A 

yj- CD j-i + TJ-I^J 
(>), 

(6.12) 

At this point, we shall modify the definition of the sequence < y-    f. 

f (Öl fine the sequence <y.    r by 

(0    _   A(I) 

We de- 

y.' '   =  V.     for j   =   2, 3, ..., J, 
J J 

and 

(i)        fl     bJ   (i) (0 (i) (i)     bJ f (J)        (°A 

Thus the modification consists of requiring  y\     to satisfy the first equation 
of the system 6.9 with the latest estimate available for  Vj. 

With {y^7 thus generated, the process is repeated, thereby gener- 

ating y     , ..., y'    .    The iteration is complete when the last equation in the 
system 6.9 is satisfied to a sufficient degree of accuracy.   Hence we ter- 
minate the iteration when 

JJ*i 
(i) U) 

J-iVj-i + eJ^J 
(i) <   e, 

* 1,1 
(6.13) 

The code actually stores  J7.} rather than |e.j; however, the code does 

form y-r, defined by 

"Yj eJ " bJ-iyJ-! 
(6.14) 

From this,   ej   can be found and used in Eq. 6.13.   Note that this error cri- 
terion is on one component of the residual and thus has nothing to do with 
the rate of convergence of the iterative process. 
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The periodic iterations differ fundamentally from up-scattering iter- 
ations in the following sense.    We saw in Section IV that for a source calcu- 
lation (and the same thing is true for a  keff  calculation) it does not matter 
how many up-scattering iterations are performed per sweep through the 
channels.    The iterative process will still converge to the same solution 
although the rate of convergence will be affected (see Appendix A, Sample 
Problems 8 and 9).    The situation with regard to periodic iterations is 
entirely different.    Within each channel and for each group, we must find the 
solution, or at least an approximation to the solution, of the system 6.2. 
However, this solution is the solution to a periodic system.    The iterates 
y^1), y(2). ..., yW we generate to approximate the periodic solution are them- 
selves solutions of a nonperiodic system.    Moreover, the higher levels of 
iterations (up-scattering or outer) will not modify the lack of periodicity. 
Thus the periodicity of the solution to the source problem or  keff  problem 
is determined by the systems 6.2.    From these we must obtain essentially 
periodic solutions (see Appendix A, Sample Problems 6 and 7). 
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VII.    INPUT DATA PREPARATION 

In general, ANL-CANDID conforms to the Argonne Standard Reactor 
Code input as specified in ANL-7194.7   A type  100000 identification card is 
followed by a set of CANDID code-dependent cards (Type 1). 

A.    Type  1 Cards 

These cards contain data peculiar to ANL-CANDID:   user options, 
problem constants, convergence criteria, criticality search specifications, 
and buckling and volume source data.   All data values listed below take the 
default options noted, unless specifically input otherwise.    The card type is 
punched beginning in column 1.    CANDID reads the cards into one of three 
arrays (entitled INTERFCE, IOPTIONS, and B) depending on column 2. 

1.      Type 11 cards for user Options.    A blank means the option will 
not be exercised; any nonblank character causes execution of the option. 
Standard problems have nonblank columns 8 and 10. 

Contents 
INTERFCE 
Subscript Columns 

1-2 Must contain 11 

3-6 Undefined. 

1 7 Process all input cards, but do not execute 
the problem (input check only). 

2 8 Print all fluxes (normally selected). 

3 9 On-line output (for programmer use only). 

4 10 Print interface fluxes and currents (normally 
selected). 

5 11 Execute slower critical search procedure 
(i.e., run each intermediate  k  calculation to 
full, specified convergence).    This option is 
normally blank, implying the program will 
decide when a control change is to be made. 

6 12 Do not use Chebyshev acceleration during a 
k  calculation.    This option is normally blank, 
implying Chebyshev acceleration is to be used 
to allow acceleration to speed convergence. 

7 13 Print modified cross sections with every con- 
trol change during a composition search. 
Normally selected if a composition search. 

8 14 Must be blank. 
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INTERFCE 
Subscript Columns Contents 

9 15 Fission fraction (X) vector is the same for 
all materials in cross-section set and does 
not need homogenization into a (space- 
consuming) matrix for every composition, 
normally   selected, if possible, to conserve 
storage. 

10 16 Perturbation problem is to be executed. 

11 17 Two-tape perturbation (real flux on logical 
unit 49, adjoint flux and original cross sections 
on logical unit 48).    Otherwise, the pertur- 
bation program will expect one flux tape con- 
sisting of real and adjoint flux and original 
cross sections. 

2.      Type  12 cards for Integer data.   Integers must be right adjusted 

Contents 

and fully c onta ined within 

IOPTIONS 
Subscript Columns 

12 1 card 1-3 

4-6 

1 7-12 

2 13-18 

3 19-24 

4 25-30 

31-36 

37-42 

43-48 

Must contain 121. 

Undefined. 

Number of energy groups in cross-section set. 

Number of energy groups in problem. 

Number of regions in problem. 

Maximum number of outer iterations desired. 
Normally   set  to 10000 since program will 
stop on time limit. 

Maximum number of up-scattering iterations 
(for up-scattering problems only).    Enter  1 if 
not up-scattering problem, t 

Maximum number of fixed fission source 
iterations (generally not used). 

Maximum number of extrapolations on keff 
during a search problem (4 assumed). 

*If up-scattering iterations are performed, the convergence rate of the problem is increased.   However, ex- 
perience has indicated that the increase is not sufficient to offset the cost "in time for performing the iter- 
ations.   Thus, it is recommended that up-scattering problems be tried without using up-scattering iterations 
first, and these iterations only resorted to if unusual convergence difficulties arise. 
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IOPTIONS 
Subscript Columns Contents 

g 49-54 Maximum number of interpolations on keff 
during a search problem (20 assumed). 

9 55-60 Print frequency during a search (i.e., number 
of control changes in criticality search be- 
fore indicative printing is performed).    Nor- 
mally enter a   1   to imply printing after each 
control change. 

10 61-66 Number of general interfaces (feature not 
available). 

11 67-72 =   0 if new problem. 
-  49 if a restart problem.    In addition, input 

final k  from previous run on 500000 card. 

122 card 1-3 Must contain 122. 

4-6 Undefined. 

12 7-12 X direction mesh-refinement factor (relative 
to mesh of input flux guess or restart flux) 
(1 assumed). 

13 13-18 Y   direction mesh-refinement factor 
(1 assumed). 

14 19-24 Perturbation-point output key:    61 for printer; 
62 for card punch; 0 if point perturbation out- 
put not desired; another value (1-49) if out- 
put is desired on user logical unit (0 assumed). 

15 25-30 Maximum number of periodic iterations when 
doing an r0  full-circle problem.    Normally 
set to 2. 

3.      Type 13 cards for Decimal data.    All numbers must have decimal 
points. 

B Subscript Columns Contents 

131 card 1-3 Must contain 131. 

3-6 Undefined. 

1 7-18 Desired final value of keff when doing a 
critical search (1.0 assumed). 

2 19-30 Upper bound on search-control parameter 
(X) (0.0 assumed). 
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B Subscript Columns Contents 

3 31-42 Second guess (X2) of search-control param- 
eter (0.0 assumed).    (First guess on 
Type 500000 card.) 

4 43-54 Lower bound on search-control parameter 
(0.0 assumed). 

5 55-66 Estimate of dk/dx (used to calculate X2 if 
nonzero).   Normally used, if k(X) is approxi- 
mately known, to eliminate the second control 
pass required to compute dk/dx.    Estimate 
may also be available from previous restart 
runs. 

132 card 1-3 Must contain 13 2. 

3-6 Undefined. 

6 7-18 Flux-convergence criterion on outer bounds 
(k,k) of k (0.001 assumed). 

7 19-30 Not used. 

8 31-42 Smallest flux used in computing monitor in- 
formation (10~    assumed). 

9 43-54 Agreement required in neutron balance 
equation (0.001 assumed). 

10 55-66 Estimate of initial keff  in critical search 
problem (1.0 assumed). 

133 card 1-3 Must contain 133. 

3-6 Undefined. 

11 7-18 Extrapolation parameter for fixed fission 
source iteration (1.0 assumed).   Normally 
not used. 

12 19-30 Up-scatter iteration convergence criterion 
(0.001 assumed).    Normally not used.    (See 
footnote on p. 45.) 

13 31-42 Flux convergence criterion on sum of flux 
differences^ (0.001 assumed). 

For a k-calculation, three convergence criteria are required on the outer iterations: 

1. Outer bounds of k: k < k(nl < k (132 card) 

fa Vug    us / 
(133 card) 2. Sum of flux differences: 

Ug 

3. keff differences: k,nl - k'""11 (Type 500000 card) 

We recommend that these all have the same order of magnitude, ranging from 10"4 to 10"7, with a "normal" value of 10-5. That is, a convergence of 10-4 may be desired 
for some purposes, but does not generally yield sufficient accuracy, A convergence of 10"7 yields sufficient accuracy, but at a large cost in computer time. Hence, this 
convergence is not generally used unless the results are to be input to the perturbation code where small perturbations are to be made. 
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B Subscript Columns Contents 

14 43-54 Not used. 

15 55-66 Asymptotic inverse reactor time period (a). 

1-3 Must contain 134. 

3-6 Undefined. 

16 7-18 Initial estimate of outer iteration convergence 
rate used in computing Chebyshev extrapola- 
tion coefficients (0.995 assumed).   Normally 
set to 0.995.    (See page 37.) 

17 19-30 Periodic iterations convergence criterion 
(r0 full circle).   Normally set to 0.0001. 

18 31-36 Interval shift factor for Chebyshev accelera- 
tion (0.0 is assumed, implying no shift). 
Normally set to 0.0. 

4. Type 14 and 15 cards for Buckling and Volume Source (decimal) 
data. Data can be input as one constant, as varying with energy only or with 
region only, or as varying both with energy and region number. 

Columns Contents 

1-2 Must contain 14 for Buckling data and 15 for Volume Source 
data. 

3-6 Region number, given only when data are to be distributed 
into regions. 

7-18 
19-30 
31-42 
43-54 
55-66 

Buckling or Volume Source data, as named in columns  1-2, 
given on as many cards as necessary to cover all energy 
groups for this region, before beginning next region. 

67-69 Energy-group number of first group on this card, given only 
when data are to be distributed by energy groups. 

The remaining cards in the input deck are standard, except as 
noted below. 

B.    Type 2XXXXX Cards 

The Type 210000 cards for geometry specification must be consistent 
with mesh of the input flux guess.    If a problem is being restarted using an 
old flux tape, the number of mesh points and the region structure given on the 
Type 2 cards must correspond to the tape structure.   Mesh "multiplying"  in 
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X or Y directions is accomplished by setting the values of the X and Y mesh- 
refinement factors (IOPTIONS (12) and (13) on the 122 card).    The factor in- 
put is the number of mesh points to be made from each input mesh point.   The 
problem is then run using the new, "full"  mesh.   Subsequent restart problems 
to be run using the new mesh will require a new set of Type 2 cards con- 
sistent with this mesh (and the removal of mesh-multiplying factors 
IOPTIONS (12) and (13)).    That is, mesh refinement is used only once for 
each desired mesh size without redefining the mesh in the Type 2 cards. 

The Type 220000 cards for the ratio-method geometry specification 
is not implemented. 

C. Type 3XXXXX Cards 

Column 60 is ignored; i.e., general boundary conditions are not 
implemented. 

On the remaining Type 3XXXXX cards the only restriction on card 
ordering is that the sides be input one at a time, until all regions and groups 
on a side are covered, with any ordering of data within a side allowed. 

D. Type 4XXXXX Cards 

Both Type 400000 and 410000 cards must always be present.    That 
is, direct isotope-to-composition homogenization is not implemented. 

E. Type 5XXXXX Cards 

On the Type 500000 card, the value for  6   (columns  13-24) is used as 
the convergence criterion on differences between  k  values; for generation 
n, the criterion is satisfied if |k(n) - k(n_1)| <   6  (see footnote on p. 47).    The 
initial guess supplied in columns 46-57 is used as an initial value for  k  in 
a flux calculation, or for ji in a source calculation (blank or 0 signals the 
default option of 1.0).    The  k  corresponding to a restart flux must be used 
for a restart problem.    If the problem is a criticality search, the initial 
guess, i.e., the control parameter (Xj), is placed in this field, and the 
initial k  is put on the  132 card.    The remaining Type 5XXXXX cards are 
implemented as specified.    All cards with region numbers must have them 
in increasing order.    Energy-dependent buckling modifiers can be input 
using the concentration change format, with columns 2-6 containing a region 
number, if desired, and columns  19-24, 37-42, and 55-60 containing group 
numbers corresponding to modifiers in columns  7-18, 25-36, and 43-54. 

F. Type 6XXXXX Cards 

On the Type 600000 card CANDID requires the initial guess to be a 
flux guess andnota source; therefore column 7 must be nonblank. Spectrum 
averaging is not performed.   External source must be read from Type 15 cards. 
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G.    Type 7XXXXX Cards 

These cards are as specified in ANL-7194.   In addition to the normal 

use of cross-section set modification,''' these cards are used to input cross 

sections for use in perturbation calculations. 

9 
^ANL-CANDID expects microscopic cross-section data on a magnetic tape prepared by the XLIBIT Code. 
An XLIBIT cross-section set must be available on tape for each problem even if all cross-section data are 

to be input via the 700000 cards. 
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VIII.    EXECUTION CARD DECK ARRANGEMENTS 

A. Normal Execution 

The control cards and deck structure necessary to execute a normal 
ANL-CANDID run are (g punches are assumed in column 1): 

JOB, User Identification 
MOUNT XLIBIT Cross-section Tape on LUN 44 
MOUNT CANDID AOV Tape on LUN 47 (AOV means absolute overlay) 
SCRATCH TAPES on LUN 42, 43, 45, 55 (SYSTEM scratch unit) 
EQUIP,44=(XLIBIT Cross-section tape name, Version) RO, SV 
EQUIP,3=45 (Equivalent reference saves one scratch tape) 
EQUIP,47=(CANDID AOV tape name, Version), RO, SV 
LOAD MAIN, 47, Time estimate, Print estimate 
Data 
END OF PROBLEM (column 3) 

B. Program Compilation 

The volume of source program cards (some 20000) in ANL-CANDID 
prohibits the handling of source decks directly.    Thus, the cards are put on 
tape along with SCOPE cards denoting the end of overlays.    The following 
SCOPE control cards (in addition to special mounting instructions) will com- 
pile the source code from LUN 10 (unlabeled) and prepare the binary load 
and go (LGO) tape on LUN 11.    Note that CANDID is compiled as a one-bank 
code. 

MOUNT TAPE (ANL-CANDID source tape reference number) ON 
LUN 10 

EQUIP, 10=SV,** 
EQUIP, 11 = (CANDID LGO tape name, Version), SV 
FILE,11 
MAIN,47 
FILE END 
FTN,L,X=11,I=10,R,*. 
COMPASS, L,X=11,1 = 10 
FILE, 11 
OVERLAY,47,1 
FILE 
FTN, 
FILE, 11 
OVERLAY,47,2 
FILE END 
FTN,L,X=11,I=10,R,*. 

>   Main Control Section 

E END I 
,L,X=11,I=10,R,*. J 

Overlay 1: Processes card Types 1 and 2. 

► Overlay 2: Processes card Types 3-5. 
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FILE, 11 
OVERLAY,47,3 
FILE END 
FTN,L,X=11,I=10,R,*.    J 
FILE, 11 
OVERLAY,47,4 
FILE END 
FTN,L,X=11,I=10,R,* 
FILE, 11 
OVERLAY,47,5 
FILE END 
FTN,L,X=11,I=10,R,* 
FILE, 11 
OVERLAY,47,6 
FILE END 
FTN,L,X=11,I=10,R,* 
FILE, 11 
OVERLAY,47,7 
FILE END 
FTN,L,X=11,I=10,R,*.    J 

*   Overlay 3:   Creates pseudo cross-section 
library tape from XLIBIT tape. 

►   Overlay 4:   Processes card Type 7 if 
they exist. 

Overlay 5:   Performs search and k 
calculations. 

►   Overlay 6:   Output edit. 

►   Overlay 7:   Perturbation. 

C.    Program Modification Using LGOEDIT 

Additions, corrections, or deletions to the load-and-go tape are made 
using the program LGOEDIT (see Appendix B).    The card deck structure 
listed below will accomplish the following (assuming the existence of an old 
load-and-go tape): 

1. Compile the indicated source programs and place them, together 
with the associated LGOEDIT control cards (REP,DEL,INS), on the merge 
tape (LUN 45). 

2. Select the first program name (NAME1) from the control card 
on the merge tape, and search the old LGO tape (LUN13) until NAME1 is found. 
Preceding subroutines are simply copied from LUN13 onto the new LGO 
tape (LUN11).    The instruction on the control card is executed as described 
in Appendix B, and LGOEDIT proceeds to the next subroutine on the merge 
tape.    Note that LGOEDIT does not space the old LGO tape, indicating that 
the ordering on the old LGO tape must be preserved on the merge tape. 

MOUNT TAPE (Old LGO tape) on LUN 13 
EQUIP, 13 = (Old LGO tape name, Version), RO.SV 
EQUIP,11 = (New LGO tape name, Version), SV 
FILE, 45 
REP NAME  1 
FILE END 
FTN,L,X=45,*. 
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Source for Subroutine NAME1 
SCOPE 

FILE,45 
DEL NAME2 
FILE END 
FILE,45 
INS NAME 3 
FILE END 
FTN,L,X=45,*. 

Source for Subroutine NAME3 
SCOPE 

Binary Deck for LGOEDIT 
RUN 
11  |  13 | 45 (Tape numbers as input to LGOEDIT columns  1-6) 

D. Modification Followed by Execution 

The normal execution structure (A) may be merged with the program 
modification procedure (C) to produce a run in which modification is followed 
by execution.    The structure is as follows: 

Normal control cards     (A) 
Modification structure    (C) 

LOAD,  11  (Prepares AOV Tape on LUN 47) 
RUN 
Problem Data 

E. Restart 

A restart feature is provided for the following reasons: 

1. Machine failure usually in the form of tape parity error. 

2. Time estimate exceeded. 

CANDID checks internally for an error condition, and when one is 
encountered, the current flux vector is written, as indicated in Fig. 4, onto 
a flux save tape (LUN 48).    Normal termination will also result in the flux 
being written on LUN 48.    Thus, to save the flux, the user must insert the 
following control card: 

EQUIP,48=(Flux save tape name, Version), SV. 



54 

Real Flux Adjoint Flux 

Start 

EOF 

1      ■" 
2 First 

j 

• group 
flux 

1       ' 
2 

Gth 
.group 
flux 

J      . 

1      " 
2 First 

J 

■ group 
flux 

1 
2 Gth 

j      . 

i-group 
flux 

1      1 
2 First 

J 

group 
flux 

1       •) 
2 Gth 

j      . 

■group 
flux 

EOF 

„ 

First 
-Channel 

Flux 

Second 
-Channel 

Flux 

Ith 
■Channel 
Flux 

Same format 
as Real Flux 
(Dimensions 
may differ 
during mesh 
refinement) 

EOF 

Original Composition 
Cross Sections 

(Used by Perturbation) 

Cross sections 
by composition 
and group 

EOF 

First channel 
type cross 
sections 

EOF 

EOF 

Lth channel 
type cross 
sections 

EOF 

Fig. 4.   Restart Tape  Format 

To restart the problem from this point, the user must remount the 
tape on the restart unit (LUN49) by inserting the following SCOPE cards: 

Mount tape (Old Flux tape Identification) on LUN 49 
EQUIP,49=(01d Flux Tape Name, Version), RO.SV 

The original input-data deck is used with the exceptions (1) the 
number 49 must be punched on the 12 card (see Section VII),   and (2) the 
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k ff,   where  n  is the  last iteration of the  previous   run, must be punched 
on the 500000 card (or on the 132 card if a search problem).   Normal exe- 
cution will then proceed with the flux guess taken from LUN 49 instead of 
the standard input unit.    The new flux may again be saved on LUN 48.    (See 
Section IX.) 

F.    Back-to-back Runs 

The stacking of runs back-to-back is provided, but is not usually 
done except when perturbation problems are run.8   The reason for this is 
that two-dimensional problems of any size require so much machine time 
that they are run in stages.    (See Section IX.) 

A complete exit to the SCOPE System is made following each End of 
Problem card.    Thus, the program must be reloaded for each problem.   This 
is done to allow for any available mounting or dismounting type instructions 
to be recognized between problems.    Thus, in stacking problems, the deck 
structure is: 

Normal execution control cards (A) 
Program modification structure, if any (C) 
LOAD,RUN 

OR 
LOADMAIN,47 
Data Problem 1 
END OF PROBLEM 
Tape-handling instructions (i.e., unloading old flux tape, mounting 

new flux tapes for next problem, etc.) 
LOADMAIN.47 
Data Problem 2 
END OF PROBLEM 

Tape-handling instructions 
LOADMAIN.47 
Data Problem n 
END OF PROBLEM 
End of File 

G.    Sample Deck Structure 

A sample deck structure including program modification, restart, 
and back-to-back problems might appear as follows: 

JOB, User Identification 
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MOUNT OLD LGO Tape ON L.UN11 
MOUNT XLIBIT Cross-section Tape on LUN 44 
MOUNT Old Flux Tape for Problem 11 on LUN 49 
SCRATCH Tapes on LUN's 42,43,45,55 
EQUIP, 11 = (NEW CANDID LGO,L),SV 
EQUIP, 13 = (OLD CANDID LGO,),SV 
EQUIP,3=45 
EQUIP,44=(XLIBIT Cross-section Tape Name,Version),SV 
EQUIP,47=(CANDID AOV,2),SV 
EQUIP,48=(NEWFLUX1,1),SV 
EQUIP, 49=(OLDFLUXl,l),SV 
FILE ,45 
REP      NAME1 
FILE END 
FTN,L,X=45,*. 

RUN 
131145 
End of File 
Release,  13 
Load,  11 
Release,  11 
RUN 

Source deck for Subroutine NAME1 
SCOPE 
Binary deck for LGOEDIT 

(LGOEDIT input card) 

(Special ANL Control Card which unloads  13) 

CANDID Data Deck for Problem 1 

End of Problem 
End of File 
Release, 48 
Release, 49 
Mount old flux tape for Problem 2 on LUN 49 
EQUIP,48=(NEWFLUX2,1) ,SV 
EQUIP,49 = (OLDFLUX2,l) ,SV 
LOADMAIN.47 

End of Problem 
End of File 

CANDID Data Deck for Problem 2 
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IX.    NORMAL EXECUTION PROCEDURES 

A two-dimensional diffusion problem is usually run in stages (a 
sequence of computer runs) for two reasons: 

1. The probability of error in problem input data (even if it gets 
by the input processor, which checks for consistency only)   is significant. 
Thus, we would like to be assured that the problem is proceeding in the 
"right"  direction before spending a significant amount of computer time. 

2. Even when we are assured that the problem is progressing 
smoothly, it is worthwhile to continue in stages of less than 60 min of com- 
puting time to measure convergence rates, progress, etc. 

The stages mentioned above are of two types: 

1. Mesh size:    i.e., starting with a coarse mesh, running the 
coarse-mesh problem, and refining the mesh using the coarse-mesh flux 
as an input flux guess for the refined problem. 

2. Computer time:   i.e., putting a time limit on execution of 
something less than 60 min, coming off the computer to measure progress, 
and restarting and continuing the problem from that point. 

Experience has shown that a 20-group, 40 x 40 mesh may take 3 to 
4 hr of computing time (depending on accuracy requirements and the rate of 
convergence of the problem).    Hence, it is wise not to be hasty in expending 
this amount of time only to find (possibly because of an error or incorrect 
assumptions) that the results are not what was expected.    The problems are 
generally run as follows: 

1. The mesh is reduced or "coarsened"  to a problem that will run 
in 20 or 30 min (e.g.,  10 x 10 x number of groups); the results are expected 
for "ballpark" accuracy.    Experience indicates that this result is certainly 
within 10% of the final answer and may be as good as  1%.    Errors in con- 
figuration should show up at this time.    At the end of the job, the flux tape 
is saved as indicated under Execution Card Deck Arrangements, 
Section VIII. 

2. After step 1 is completed and the refined problem is to be at- 
tempted, the mesh-refinement feature is used.    This amounts to placing a 
multiplication factor (integer) for the X and/or Y direction on the  122 card 
(see Section VII).    For example, a 2 placed in the field for the   X  direction 
will double the mesh along this axis.    (The coarse problem must be planned 
so that an integral multiple of the coarse mesh will give the final desired 
mesh.)   CANDID now automatically spreads the coarse mesh to adjacent 
points in the fine mesh, as indicated in Figs.  5 and 6.    The resulting flux 
guess is then used to start the problem.    Refinement can take place as often 
as desired along either axis. 
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Fig. 6.   Typical Flux Shape for Starting the Refined Problem* 
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X.   COMPUTING REQUIREMENTS AND EXECUTION TIME 

A. Machine:   CDC 3600 with one-bank 32K fast memory. 

B. Operating System:   SCOPE 

C. Tape Units:   Normal Execution:   Four scratch tapes, cross-section tape, 
AOV tape. 

Program Modification:   Four scratch tapes , cross-section 
tape, old LGO tape, new LGO tape, AOV tape. 

Restart:   Four scratch tapes, cross-section tape, AOV tape, 
old flux tape, new flux tape. 

D. Execution Time:   Execution time depends on the convergence criterion 
and the problem convergence rate.    Typically, a 
40 x 40 mesh, 20-group problem will run 3-4 hr.   A 
10 x 10 mesh, 20-group problem will run 20-30 min. 
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XI.    RESTRICTIONS AND LIMITATIONS 

1. Roughly, the largest problem that can be handled is 20 groups 
by 40-45 points in a channel (i.e., Y or Z or 9 direction). Any number of 
points can be handled in the  R   direction if one has enough money. 

2. The number of compositions cannot exceed the number of ma- 
terials in the cross-section library.    "Dummy"  isotopes should be inserted 
in the cross-section set if this situation arises. 

3. Composition cross sections cannot be directly homogenized 
from isotopes.    The material level cross sections must be inserted even 
though they may be decimals (i.e., volume fractions are 1.0). 

4. A source guess cannot be input.   Only a flux guess is allowed. 

5. The distributed source for a source calculation must be input 
by region and group on the Type 15 cards.    CANDID will not accept an ex- 
ternal source input via the 610000 cards. 

6. Generally, the output is erroneous for adjoint calculations, but 
the flux printout is correct. 
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XII.   SUMMARY OF REQUIREMENTS 

Execution of ANL-CANDID requires familiarity with the following 
documents, in addition to ANL-7305: 

1. Code independent input and cross-section library tape prepara- 
tion are described in the following documents: 

M. Butler and H. Greenspan, General Input Specifications for 
ANL Reactor Programs, ANL-7194 (April 1966). 

S. D. Sparck, XLIBIT:   An ANL Cross-section Library Code, 
ANL-7112 (Feb 1966). 

2. To make modifications and/or additions to the CANDID load- 
and-go tape, the use of LGOEDIT is helpful: 

LGOEDIT2, reproduced as Appendix B by permission of the 
authors. 

3. For perturbation calculations, the following publication is 
required: 

G. K. Leaf and A. S. Kennedy, PERC, A Two-dimensional 
Perturbation Code Based on Diffusion Theory, ANL-7304 
(May 1967). 

4. Finally, if available, the Control Data Corporation documen- 
tation of CANDID2D may be helpful: 

CANDID 2D, A Two-dimensional Neutron Diffusion Program, 
Control Data Corporation (1966). 

The following items are necessary to run ANL-CANDID: 

1. Source (BCD FORTRAN Card images) tape. 

2. Load-and-go tape prepared by compiling source tape. 

3. Absolute overlay tape prepared from the load-and-go tape. 

4. XLIBIT generated cross-section library tape. 

5. Proper SCOPE control cards. 

6. Input deck which conforms to ANL-7305 and ANL-7194. 

7. Lots of luckll 
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APPENDIX A 

Sample Problems 

The sample problems in this appendix reinforce the conclusions 
drawn in the body of the report.   Hence only relevant parts of each output 
listing are included.    For completeness,  sample problem 1 is listed in 
its entirety. 

For reference, the tests for convergence are listed below: 

1.      Sum of flux differences 
4- v/ijg    *ijg   / 

i.j.g 

1/2 

where 

and 

(i,j) are the point indices, 

g  is the group index, 

n  is the outer iteration index. 

where 

Bounds of ke££  =   k -  k » 

max-s 
ijg 

ijg 

and 

min^ 
ijg 

keff 

f » 1 
0ijg 

L Ijg  J 

►. 

,(n) >-i) 
lifference keff " keff 

4.      Criticality search   = 
(n) 

keff " ^desired 



63 

5.      Up-scattering 
I 
jg 

0(m) - 0(m"l} 

Jg Jg 

6.      Periodic   = 

1.    Sample Problem 1 

a.      Description 

'J^I 

z 
jg 

(i) 

0(1) - 0(o) 

Jg      Jg 

(/) 

(1) Problem Type 

Real keff calculation without Chebyshev acceleration. 

(2) Configuration 

(a) Geometry 

rz 

(b) Region Definition 

The reactor consists of three regions as follows: 

Region No.  1:    Core region composed of uranium 
(U235 and U238),  stainless steel, molybdenum, zirco- 
nium, iron, nickel, chromium, and sodium. 

Region No. 2: Control- and safety-rod region com- 
posed of uranium (U235 and U238), molybdenum, nio- 
bium, iron, nickel, chromium, and sodium. 

Region No. 3:    Radial-blanket region composed of 
uranium (U235 and U238), plutonium (Pu239), iron, 
nickel, chromium, and sodium. 

(c) Mesh Definition 

r  direction:    27 points 

z  direction:    20 points 
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(d) Boundary Conditions 

Left:    0'   =   0. 

Right:    0  =   0. 

Bottom:   0'   =   0. 

Top:    0   =   0. 

(e) Number of Energy Groups:    2 

(3)    Convergence Criteria 

k   „difference   =   10"5. 
eff 

keff bounds   =   10" . 

Sum of flux difference   =   10" . 
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2.   Sample Problem 2 

a.      Description 

(1) Problem Type 

Real keff with Chebyshev acceleration 

(2) Configuration 

Same as Sample Problem 1 

(3) Convergence Criteria 

Same as Sample Problem 1 
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3.    Sample Problem 3 

a.      Description 

(1)    Problem Type 

Dimension search varying the   z  direction uniformly to 
obtain ke££  =   1.025. 

(2)    Configuration 

Same as Sample Problem 1. 

(3)    Convergence Criteria 

keff difference   =   10~5. 

keff bounds   =   10~5. 

Sum of flux differences   =   10" . 

|keff - 1.025| <5x 10-5. 
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4.    Sample Problem 4 

a.      Description 

(1) Problem Type 

Source calculation with Chebyshev acceleration and 
M   =   1/0.9. 

(2) Configuration 

(a) Geometry 

rQ (quarter circle) 

(b) Region Definition 

The reactor consists of 18 regions as follows: 

Region No.  1:    Internal thermal column (water). 

Region No. 2:    Stainless steel shroud. 

Regions No. 3-11:    Fuel regions composed of enriched 
uranium,  stainless steel, and water. 

Region No.  12:    Control-rod region composed of zirco- 
nium and water. 

Regions No.  13-15:    Reflector composed of beryllium, 
aluminum, and water. 

Region No.  16:    Outer reflector composed of aluminum 
and water. 

Region No.  17:    Iron vessel wall. 

Region No.  18:    Water. 

(c) Mesh Definition 

r   direction:    33 points. 

0   direction:    three points. 

Buckling (B2)   =   0.052360. 

(d) Boundary Conditions 

Left:    0'   =   0. 

Right:    0=0. 
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Bottom:    </>•   =   0. 

Top:    0'   =   0. 

(e) Source 

Neutron source density in region 15:    1.0. 

(f) Number of Energy Groups:    16. 

(3)    Convergence Criterion 

Sum of flux difference   =   10"  . 
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5.    Sample Problem 5 

a.      Description 

(1) Problem Type 

Source calculation without Chebyshev acceleration and 
ju   =   1/0.9. 

(2) Configuration 

Same as Sample Problem 4. 

(3) Convergence Criteria 

Same as Sample Problem 4. 
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6„    Sample Problem 6 

a.      Description 

(1) Problem Type 

Real keff calculation 

(2) Configuration 

(a) Geometry 

r0 (full periodic) 

(b) Region Definition 

The reactor consists of a core region composed of 
uranium (U235 and U238), iron, and aluminum. 

(c) Mesh Definition 

r   direction;    20 points 

0   direction:    20 points 

(d) Boundary Conditions 

Left:    0'   =   0. 

Right:    0  =   0. 

Bottom:    periodic. 

Top:    periodic. 

(e) Number of Energy Groups:    2. 

(3) Convergence Criteria 

ke££ difference   =   10" . 

keff bounds   =   10" . 

Sum of flux difference   =   10" . 

Periodic   =   10"7. 

Maximum number of periodic iterations   =   25. 
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7„    Sample Problem 7 

a„      Description 

(1) Problem Type 

Real k  ££ calculation 

(2) Configuration 

Same as Sample Problem 6 

(3) Convergence Criteria 

ke££ difference   =   10" . 

k  f£ bounds   =   10"3. 

Sum of flux difference   =   10" . 

Periodic   =   10"4. 

Maximum number of periodic iterations   =   5. 
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8„   Sample Problem 8 

a.      Description 

(1) Problem Type 

Real keff calculation 

(2) Configuration 

(a) Geometry 

xy 

(b) Region Definition 

The reactor consists of three regions as follows: 

Region No.  1:    Internal thermal column (water). 

Region No.  1:    Core region composed of enriched 
uranium,  stainless steel, and water. 

Region No. 3:    Reflector composed of beryllium and 
water. 

(c) Mesh Definition 

x direction: nine points 

y direction: nine points 

Buckling (B2)   =   0.0027416 

(d) Boundary Conditions 

Left:    0'   =   0. 

Right:    0=0. 

Bottom:    0'   =   0. 

Top:   0   =   0. 

(e) Number of Energy Groups:    18. 

(3)    Convergence Criteria 

keff difference   =   10 

keff bounds   =   10" . 

Sum of flux difference   =   10"  . 

Up-scattering   =   10~3. 

Maximum number of up-scattering iterations   =   0. 
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9.    Sample Problem 9 

a.      Description 

(1) Problem Type 

Real k f£ calculation 

(2) Configuration 

Same as Sample Problem 8 

(3) Convergence Criteria 

keff difference   =   10    . 

k-eff bounds   =   10" . 

Sum of flux difference   =   10 

Up-scattering   =   10~3. 

Maximum number of up-scattering iterations   =  4. 
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APPENDIX B 

LGOEDIT2 

1.    Identification 

a. Title. 

b. Language. 

c. Machine. 

d„    Programming 
and Design. 

Load-and-go tape edit 

FORT RAN-63, one COMPASS subroutine 

3600 

Sanford Elkin.t   D. B. Taylor, A. L. Rago, 
J. Zapatka, G. J. Duffy 

2. Purpose 

LGOEDIT2 provides a facility for editing and updating load-and-go 
tapes for the 3600 by means of deleting, replacing, and inserting binary 
decks and control cards at specified positions on the tape.    LGOEDIT2 is 
expected to be useful primarily when the LGO tape contains MAIN, 
OVERLAY, and SEGMENT control cards, or when the order of loading 
is important. 

3. Usage 

LGOEDIT2 creates a new LGO tape by editing an old LGO tape with 
information from an edit tape (the edit tape can be the standard input unit). 
LGOEDIT2 first reads a card from standard input using the format 312. 
Colums 1  and 2 must contain the logical unit number of the old LGO tape, 
colums 3 and 4 the logical unit number of the new LGO tape, and columns 
5 and 6 the logical unit number of the edit tape.    (All must be numbers 
from 1 to 49, except that columns 5 and 6 can contain 60.)   All further 
information is obtained from an edit tape. 

LGOEDIT2 recognizes five control cards.    These are: 

Column 1-4 

9DEL 

$REP 

9 INS 

ZBYP 

^DLC 

5-8 9-16 

NAME 

NAME 

NAME 

NAME 

NAME 

T Control Data Corporation. 



199 

where NAME is the BCD name of the subroutine of the LGO tape, and it 
must be left justified beginning in column 9.    Columns 5-8 are not used. 

LGOEDIT2 reads a control card from the edit tape and copies the 
old LGO tape onto the new one until it finds subroutine NAME.    It then does 
the operation required by the control card and returns to the edit tape to 
read another control card.    When it finds an end of file on the edit tape, 
editing is completed, and the remainder of the old LGO tape is copied 
onto the new one. 

The control cards cause LGOEDIT2 to perform the following 
actions: 

9DEL will delete subroutine NAME. 

9REP will replace subroutine NAME with binary decks from the 
edit tape, until another control card is read.    Note that NAME 
may be replaced by many subroutines. 

9INS will insert binary decks from the edit tape onto the new LGO 
tape after subroutine NAME has been copied.    Note that many 
decks may be inserted after NAME. 

9BYP will copy the old LGO tape onto the new LGO tape, up to and 
including NAME.    The reason for this is that on an overlay tape, 
the same subroutine name may occur in several overlays or 
segments.    If we desire to edit some of these subroutines, 9BYP 
allows us to bypass an earlier occurrence of NAME. 

9DLC will delete all cards between the IDC card of subprogram 
NAME and the final card of the subprogram preceding NAME. 

This DLC card was installed mainly to remove or replace loader 
control cards (e.g., bank, main, overlay,  segment) or octal 
corrector cards. 

LGOEDIT2 never looks at the names of the subroutines on the 
edit tape, but only at the NAMES on the control cards. 

4.    Restrictions 

The NAMEs referenced on the edit tape must appear in the same 
order as on the old LGO tape, because LGOEDIT2 will not backspace the 
tapes to search for missing names.    Both the edit tape and the old LGO 
tape must be terminated by an end of file.    We cannot follow a REP card 
with an INS card with the same NAME on both. 
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5„    Timing 

A large LGOEDIT2 job was timed with the following resulting sta- 
tistics: 

a. LGOEDIT2 portion of job: 

Number of DLC control cards = 2 

Number of DEL control cards = 5 

Number of REP control cards = 8 

Number of binary subroutines transferred  =   143. 

LGOEDIT2 time   =   1 min 35 sec (22% of job time) 

b. FORTRAN called nine times to compile 11  subroutines (1650 
source cards). 

FTN time   =   2 min 50 sec (40% of job time) 

c. Translation of LOAD/GO tape to Overlay tape. 

Translation time   =   2 min 44 sec (38% of job time) 

Total time for all three runs in job   =   7 min 9 sec 

6. LGOEDIT2 Output Edit 

LGOEDIT2 will produce lists of the subprogram names on old and 
new LGO tapes, along with a record of the edit procedures carried out 
and attempted. 

7. Typical LGOEDIT Job 

^Job,999,204051,25 

Acct. card. 

^/Mount Tapes L5882(44) and L8878(49) 

^EQUIP,20 = 60 

^EQUIP, 21=61 

$EQUIP,29=(SNARG-OVERLAY-29,l),SV 

^EQUIP,39=(SNARG.OVERLAY-LOAD.AND.GO,l),SV 

^EQUIP,44=(SNARG-XLIBIT.DEBUG,6)RO,SV 

5EQUIP,49=(SNARG-OVERLAY-LOAD-AND.GO),RO,SV 



9>ILE,14 

9REP....SNARGID 

^FILE-END 
To place the following on 

$FTN,L,A,X=14. LUN 14: 

SNARG1D Source Deck ^REP — 'SNARGID 

SCOPE *-        SNARG1D binary deck. 

gFILE.14 ^REP----INITILIZ 

?REP----INITILIZ INITILIZ binary deck. 

^FILE-END s(EOF) 

$FTN,L,A,X = 14 

INITILIZ Source Deck 

SCOPE 

LGOEDIT2 Binary Deck 

9RUN,60,10000,7, 

1—493914 

gEND-OF-FILE card for end of this run 

9 LOAD, 3 9 

9RUN.60,10000,7, 

Data Deck 

Blank Card 

8End of File card for this job. 

-> Transfers all binary card records from 49 to 39 replacing only 
those belonging to SNARG1D and INITILIZ in the process.    These 
two are transferred from 14 to 39 in lieu of their old versions. 
After the LGOEDIT2 run,  LUN39 was loaded to run the program. 
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